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In this study, the magnetic reversal process of exchange-coupled bilayer systems, consisting of a ferrimagnetic
TbFeCo alloy layer and a ferromagnetic [Co/Ni/Pt]N multilayer, was investigated. In particular, minor loop
studies, probing solely the reversal characteristics of the softer ferromagnetic layer, reveal two distinct reversal
mechanisms, which depend strongly on the thickness of the ferromagnetic layer. For thick layers, irreversible
switching of the macroscopic minor loop is observed. The underlying microscopic origin of this reversal process
was studied in detail by high-resolution magnetic force microscopy, showing that the reversal is triggered by
in-plane domain walls propagating through the ferromagnetic layer. In contrast, thin ferromagnetic layers show
a hysteresis-free reversal, which is nucleation-dominated due to grain-to-grain variations in magnetic anisotropy
of the Co/Ni/Pt multilayer and an inhomogeneous exchange coupling with the magnetically hard TbFeCo layer,
as confirmed by micromagnetic simulations.
I. INTRODUCTION
The concept of engineering exchange-coupled composites
is the most promising approach to meet current challenges
in fabricating high energy density permanent magnets [1–3].
Already in 1991, Kneller and Hawig [4] proposed to man-
ufacture magnets with a magnetically hard and soft phase,
exchange-coupled at a mutual interface. While the high mag-
netocrystalline anisotropy of the hard phase provides a high
coercive field, the coupled soft phase should contribute to
the energy density product by a high saturation magnetiza-
tion. Due to the soft phase, the demagnetization curve shows
a completely reversible part, which led to the term ‘exchange-
spring magnets’. Furthermore, exchange-coupled systems
employing ferrimagnetic (FI) heavy rare earth (RE) - 3d tran-
sition metal (TM) alloys provide high tunability, interfacial
exchange interaction, and zero magnetic moment at the com-
pensation temperature Tcomp [5–17], which is highly benefi-
cial for many applications such as spin valves [18–23] and
magnetic tunnel junction devices [24]. Below Tcomp, the mag-
netic moment of the RE atoms dominates, which leads to an
antiparallel alignment of the net magnetic moments of the FI
layer when coupled to a ferromagnetic (FM) layer. As a con-
sequence, a positive horizontal shift of the hysteresis loop of
the magnetically softer layer is typically observed after sat-
uration in the positive field direction. In this configuration, a
giant exchange bias shift of several Tesla has been reported for
various FI/FM bilayer systems which can differ in the reversal
behavior of the soft layer exhibiting either fully reversible or
irreversible switching [11, 25–28].
Micromagnetic simulations showed that a partial domain wall
is formed at the FI/FM interface layer during the reversal of
the FM [29]. The minor loop becomes fully reversible if this
∗ michael.heigl@physik.uni-augsburg.de
domain wall generates a hard-axis field that overcomes the
anisotropy field of the FM. It was further reported that the
anisotropy and the bulk exchange of both layers, as well as the
exchange coupling strength and the thickness of the FM play
an important role in the reversibility of the FM. The underly-
ing reversal mechanism for reversible switching was studied
in detail in a [Co(0.4)/Pt(0.7)]5 multilayer exchange-coupled
to ferrimagnetic Tb26.5Fe73.5, that acts as a magnetically hard
pinning layer. There, a nucleation-dominated magnetization
reversal process was revealed which is caused by grain-to-
grain variations in magnetic anisotropy of the Co/Pt multilayer
(ML) and an inhomogeneous exchange coupling to the mag-
netically hard TbFe layer [30].
In a recent study on a TbFeCo/[Co/Ni/Pt]N sample series, we
have systematically investigated the reversal behavior of the
softer FM layer as a function of its thickness, including a de-
tailed theoretical analysis of the full reversibility condition
[29]. In the present work, we study in detail two specific
FI/FM samples out of this sample series exhibiting two dis-
tinct cases of reversible and irreversible switching. The dif-
ferent underlying microscopic reversal processes are investi-
gated using high-resolution magnetic force microscopy and
micromagnetic simulations.
II. EXPERIMENTAL DETAILS
Film deposition was performed at room temperature by dc
magnetron sputtering from elemental targets on a Si(001) sub-
strate with a 100 nm thick thermally oxidized SiOx layer. The
sputter process was carried out using an Ar working pressure
of 5x10−3 mbar in an ultra-high vacuum chamber (base pres-
sure < 10−8 mbar). The heterostructures consist of a 20 nm-
thick amorphous ferrimagnetic Tb28Fe58Co14 layer and a fer-
romagnetic [Co(0.2 nm)/Ni(0.4 nm)/Pt(0.6 nm)]N ML on top.
In addition, 5 nm-thick Pt seed and cover layers were used.
The thicknesses of the layers were estimated from the areal
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FIG. 1. M−H hysteresis loops of the FI/FM heterostructures ob-
tained at 40 K. In a) the thicker FM layer (N = 9) switches irreversibly
as indicated by the presence of a hysteresis in the minor loop (black).
In contrast, the thinner FM layer (N = 5) exhibits a fully reversible
switching as shown by the minor loop (black) in b). The M−H hys-
teresis loops of the individual layers forming the heterostructures are
displayed as well.
densities measured by a quartz balance during deposition
while the elemental composition of the TbFeCo alloy was
evaluated by Rutherford backscattering spectrometry. Two
FI/FM heterostructures with different repetition number (N =
5 and 9) of the ferromagnetic multilayer were chosen for this
study. Furthermore, reference samples of the individual layers
were prepared.
The integral magnetic properties of the FI/FM heterostruc-
tures were investigated by superconducting quantum interfer-
ence device - vibrating sample magnetometry (SQUID-VSM).
All M−H minor and full loops were measured at 40 K in the
out-of-plane geometry revealing for both systems strong per-
pendicular magnetic anisotropy where the ferrimagnetic layer
acts as magnetically hard pinning layer. Furthermore, the fer-
rimagnet is Tb dominant over the entire temperature range that
we investigated, meaning that the Tb magnetic moment is al-
ways larger than the total Co/Ni moment. Consequently, the
net moments of the FI/FM heterostructures are antiferromag-
netically aligned in the ground state at zero field. The mag-
netic properties of the full sample series can be found in [29].
More details on the magnetic properties of Co/Ni/Pt MLs can
be found in [31].
Complementary, the complex reversal behavior was locally
imaged at 40 K by an ultra-high vacuum magnetic force mi-
croscope (MFM) operating in magnetic fields of up to 7 T
[32]. Details on the MFM data acquisition and data processing
can be found in [30, 33].
III. EXPERIMENTAL RESULTS
The M − H full hysteresis and also minor loops of the
exchange-coupled FI/FM systems and of reference samples
consisting only of the FI or FM layers recorded at 40 K are
shown in Fig. 1. Both reference samples show strong perpen-
dicular magnetic anisotropy with coercive fields of about 3 T
for the FI layer and 200 mT for the Co/Ni/Pt MLs. For the
exchanged-coupled FI/FM heterostructures, starting from sat-
uration, by lowering the magnetic field the FM layer reverses
due to the strong antiferromagnetic coupling. At a high op-
posite field of about 3 T eventually the magnetically hard FI
layer switches. It is observed that the field required for re-
versing the FM layer becomes larger with decreasing num-
ber N (thickness), which is expected provided that the interfa-
cial exchange-coupling remains constant [29, 34]. The minor
loops were captured to analyze the switching process of the
softer FM layer and show two distinct switching mechanisms.
While the FI/FM heterostructure with the thick FM layer ex-
hibits a hysteretic reversal process (Fig. 1 a), the thinner FM
layer reveals fully reversible switching (Fig. 1 b).
In order to get an understanding of the underlying hysteretic
irreversible process and to extract differences to the non-
hysteretic case, the hysteretic magnetization process occur-
ring for the thicker (N = 9) FM layer is discussed. For this,
the sample was demagnetized to acquire the virgin M−H-
dependence at 40 K for fields raised from 0 to 4 T (Fig. 2 a).
A different piece of the same sample in its as-grown state was
used to acquire a series of MFM images at 40 K in fields from
0 to 2.8 T (Fig. 2 b-i). The magnetic domain structure in the
as-grown state is presented in Fig. 2 b. In this state, the net
magnetic moment of the FI layer and the magnetic moment
of the FM layer are aligned antiparallel, which is the ground
state of this exchange coupled FI/FM system. Because the tip
magnetization is along the positive field direction (up), the do-
mains appearing with a negative frequency shift contrast (blue
domains) have a net up magnetization (parallel to that of the
tip), while the red domains have a net down magnetization.
The domains are separated by vertical domain walls going
through both layers, as schematically displayed in Fig. 2 j, I.
The magnetization loops acquired for the FI/FM heterostruc-
ture sample (purple loop in Fig. 1 a and virgin loop displayed
in Fig. 2 a reveal that the Tb magnetic moment dominates the
Co and Fe moments of the FI layer and also those of the FM
layer. Hence, the blue domains are locations characterized by
an up magnetization of the FI layer and a down magnetization
of the FM layer. When the field is increased to 0.6 T (Fig. 2 c)
a slight increase of the MFM contrast is observed which is
compatible with a small rotation of the magnetic moments at
the top of the FM layer away from the initial down direction
towards the up direction schematically shown in Fig. 2 j, II. A
more noticeable change becomes apparent at 0.8 T (Fig. 2 d):
here some dark blue spots occur at the domain walls and the
overall contrast is further increased. The latter is compatible
with an increase of the rotation of the magnetic moments at
the top of the FM layer. The dark blue spots near the domain
walls indicate the beginning of a lateral domain wall motion
(Fig. 2 j, III) that becomes clearly visible in Figs. 2 e and 2 f for
a field of 0.95 and 1 T, respectively. At about 1.05 T (Fig. 2 g),
the FM layer is almost fully reversed. The remaining MFM
contrast then predominantly arises from the domains of the FI
layer. For fields between 1.05 and 2 T, the MFM contrast in-
creases only very slightly, which is compatible with a vertical
compression of the horizontal domain wall that has formed
at the locations of the blue domains at the FI/FM interface
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FIG. 2. a) Virgin M−H curve of the FI/FM heterostructure with N = 9 taken at 40 K starting from the demagnetized state. Five different
magnetic states are marked with color. In b-i) in-field MFM images (2 µm x 2 µm) are displayed with an applied magnetic field ranging from
zero up to 2.80 T. The five magnetic states, corresponding to the MFM images, are illustrated in j).
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FIG. 3. Schematic showing the underlying microscopic reversal mechanism for fully reversible switching via granular nucleation [30].
(Fig. 2 j, IV). Note however that no further lateral domain wall
motion occurs. This reflects the high coercivity of the FI layer.
The last MFM image (Fig. 2 i) shows a state where all down
domains in the FM have been erased and an in-plane inter-
facial domain wall has formed (Fig. 2 j, V) [26]. The weak
granular contrast is caused by variations of the z-component
of the magnetic moment density arising for example from spa-
tial film inhomogeneities (e.g., in the TbFeCo composition
[35, 36]).
The details of the underlying reversal mechanism of the fully
reversible switching case were already reported for a simi-
lar TbFe/[Co/Pt]5 heterostructure [30]. There, a nucleation-
dominated three-stage magnetization reversal process was re-
vealed which is caused by grain-to-grain variations in mag-
netic anisotropy of the Co/Pt ML and an inhomogeneous ex-
change coupling to the magnetically hard TbFe layer. The re-
versal steps are schematically illustrated in Fig. 3. They con-
sist of a rotation-dominated part of the FM layer starting at
the top surface of individual grains (ii) followed by the full
reversal (iii) till saturation (iv). The last reversal step is again
characterized by a rotation part of the FI domains till satura-
tion (v).
IV. MICROMAGNETIC SIMULATIONS
In this section, finite-element simulation results obtained
with the finite-elements package magnum.fe [37] are pre-
sented. This is to reproduce the different minor loop behav-
iors observed for thin and thick FM layers and from that gain a
more fundamental understanding of the relevant physics gov-
erning the experimental observations. As shown in Fig. 4, we
model 100nm× 100nm films consisting of a 20 nm-thick FI
layer and FM layers of 6.0 and 10.8 nm thickness, correspond-
ing to the two different repetition numbers ofN= 5 andN= 9,
respectively. The structures consist of grains having an aver-
age diameter of 10 nm, produced by Voronoi tessellation. Due
to the required small discretization length of 2 nm and the re-
sulting large computational effort, the lateral dimensions are
kept at 100nm× 100nm which is considerably smaller than
4FI (20 nm)
FM (6.0 / 10.8 nm)
1
0
0
 n
m
100 nm
255 619
Kuni (kJ/m
3)
FIG. 4. Model of the simulated FI/FM bilayer structure. The lateral
dimension of the model and the thickness of the layers are given.
The average grain diameter is 10 nm and the discretization length is
2 nm. The color code shows the effective magnetic anisotropy which
is assumed to be normally distributed over the grains in the FM layer.
Layer FI FM
Ku (kJ/m3) 1168 255−619
MS (kA/m) 517 668
Aex (pJ/m) 10.0 10.0
Jiex (mJ/m2) -0.1 to -33.8
α 1.0 1.0
6 Keff,ez (◦) 1.0 1.0
a (nm) 100.0 100.0
t (nm) 20.0 6.0 / 10.8
TABLE I. Material parameters used for the micromagnetic simula-
tions of the investigated FI/FM heterostructures. Ku is the uniaxial
magnetic anisotropy constant, MS is the saturation magnetization,
Aex is the exchange coupling in the bulk, Jiex is the interface ex-
change coupling between the antiferromagnetically coupled layers,
α is the damping constant, a is the lateral size of the geometry and
t is the thickness of the layers. The anisotropy axis is tilted by 1 ◦
against the z-direction in both layers to avoid metastable states.
the typical domain structures observed by MFM, displayed
in Fig. 2b-i. However, given that single grains with a lateral
length of 50 nm were well approximated with a spin chain
model in a previous work [30], a homogeneous magnetization
within this distance in the in-plane direction can be assumed.
Hence, a scaling of the lateral film dimensions is justified. The
grains of our model are fully exchange coupled in the lateral
directions. The uniaxial magnetic anisotropy Ku is normally
distributed with a mean of 430 kJ/m3 and a standard deviation
of 75 kJ/m3 (total range of 255 to 619 kJ/m3), and the ratio
Jiex/Keff,FM of interface exchange constant between the two
layers and the respective effective magnetic anisotropy con-
stant of the FM is kept constant at -0.1µm (see color code in
Fig. 4). All other material parameters are given in Table I.
The assumptions of a strong variation in the magnetic
anisotropy of the FM layer and simultaneously in the
interface-exchange constant at the FI/FM interface are based
on previous results reported in Refs. [29, 30]. In Ref. [30], a
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FIG. 5. Simulated macroscopic minor loops of the FM layer coupled
to the FI for two different FM thicknesses of 6 nm (N = 5, blue line
and triangles) and 10.8 nm (N = 9, red lines and squares).
hysteresis-free minor loop was found for a similar heterostruc-
ture with a thin FM layer of 5.5 nm and in Ref. [29], the rel-
evant parameters and a condition for hysteresis-free minor
loops were derived.
For the modeling, the ground state of the heterostructure
with the FI layer magnetization pointing in the +z direction
and that of the FM layer pointing in the -z direction is consid-
ered. Subsequently, the field magnitude is increased step-wise
in 50 mT increments up to 4 T and then decreased back to 0 T.
After each field-step the micromagnetic state of the system is
relaxed for 1 ns. Note that the variation of the applied field in
the simulations is performed much faster than that used dur-
ing the experiments. However, because of the high damping
constant (α = 1.0) used for the simulations, a stationary state
is obtained within 1 ns, such that the modeled loops are repre-
sentative of the experimental loops.
Figure 5 displays minor loops of heterostructures with a
thick (N = 9) and thin (N = 5) FM layer. While the loop
for the thick FM layer shows a lower switching field of about
580 mT and a hysteresis width around 300 mT, the switching
field for the thin FM layer is higher than 1 T and hysteresis is
absent. This reproduces the experimentally observed switch-
ing behavior of the FM layer (see black lines in Figs. 1 a and
b). Note that for the modeling the only parameter changed
was the thickness of the FM layer.
To gain a more fundamental understanding of the reversal
process of the FM layer and to understand the MFM contrast
evolution with the field (Fig. 2b-i), the quantity
mz,i− 1N
N
∑
i=1
mz,i, (1)
is plotted, with mz,i being the z-component of the normalized
magnetization of node i of the finite-element discretization
and with the sum running over all N nodes of the surface mesh
on the top of the FM. Note that because a homogeneous mag-
netic moment distribution does not generate a stray field and
hence has no MFM contrast, the average mz component is sub-
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FIG. 6. Simulated MFM contrast of the thicker FM layer of 10.8 nm (N = 9) during its reversal for representative chosen external fields. The
color code represents the quantity in Eq 1. e-h) show the dynamic process of the domain wall motion during switching at 800 mT and not the
relaxed magnetization state, as indicated by the simulation time. k) schematically shows the additional local field Hz,FI arising from the FI
layer which ends the lateral domain wall propagation in the FM (Fig. 2 d-g), in contrast to the simulation in e-h).
tracted in equation 1 to facilitate the comparison of the simu-
lation results with MFM data. Figure 6 displays the computed
field evolution of the contrast for the sample with thicker FM
layer (N = 9, 10.8 nm-thick). At low positive fields the top
FM layer couples antiparallel to the bottom FI. Therefore, in
Fig. 6 a-d a weak contrast appears, which can be attributed to
a difference in the canting of the magnetic moments in the
individual grains with different magnetic anisotropy. The mo-
ments in grains with small anisotropy show more canting than
those in grains with higher anisotropy. The contrast further
increases with increasing external field. Note that the simula-
tion is performed only for the domain with an up magnetiza-
tion of the FI layer and a down magnetization of the FM layer,
because the opposite domain, with an up FM magnetization
would not be affected by an applied field well below the coer-
civity of the FI layer. The simulation thus reveals a continu-
ous raise of the up magnetization of the FM down domain and
hence a decrease of the magnetization difference between the
FM down and up domains. Therefore, the field arising from
the pattern of domains in the FM that is antiparallel to that of
the FI layer is reduced, and consequently the MFM contrast
is increased. This explains the small increase in contrast ob-
served when comparing the MFM images from Fig. 2 b and
c.
At a field of about 800 mT, a domain wall forms through-
out the whole film, starting from the grain with the lowest
anisotropy, as illustrated in Fig. 6 e-h. The domain wall prop-
agates through the film until all parts have switched parallel
to the field (and parallel to the FI net magnetization), which
is a fully irreversible process in agreement with the experi-
mental results. Note that since in the relaxed magnetization
state at 800 mT the domain wall propagation cannot be seen,
Fig. 6 e-h) shows the dynamic process at 800 mT, as indicated
by the simulation time in the upper right corner. In order to
compare the simulation results with the observed MFM data
some limitations of the simulation work need to be further
elaborated. To keep the computational effort at an accept-
able level, the simulation considers only a small area within
an initially down FM magnetization. Thus, the magnetostatic
energy arising from the up/down FM and down/up FI domain
pattern and the existence of an initial vertical domain wall in-
side the FI and FM is not considered. For this reason the simu-
lation reveals the switching of a low anisotropy grain followed
by a rapid expansion of the reversal domain. In contrast, the
MFM data recorded in fields from 0.8 to 1.05 T (Fig. 2 d-g)
show steady-states of the domain wall propagation that can-
6not be observed in the model used for simulation. The MFM
images reveal that no domain reversal occurs inside the FM
down domain, but that the reversal starts by the propagation
of an already existing wall and that the propagating wall again
becomes pinned for fields from 0.8 T to 1.05 T. This can be
explained by the up field arising from the FI up domains, that
is strongest in the inside of the FM down domain near its wall
(Fig. 6 k). This stray field from the FI layer adds to the ap-
plied up external field and thus drives the propagation of the
existing wall to a location inside the FI up domain where the
up stray field from the FI domain pattern is weaker. Because
our simulation considers a FM down domain only, this be-
havior cannot be modeled. The simulation however reveals
that once a reversal domain exists, a rapid wall propagation
follows. This explains why the field-interval where a domain
wall propagation is observed remains small, i.e. about 0.2 T
which is compatible with the field on the surface of the FI
layer near a domain wall.
After the FM has switched, the contrast becomes abruptly
weak and decreases with increasing external field, as dis-
played in Fig. 6 i-j. Note that again only the FM magnetization
inside an initial FM down domain is considered. The sim-
ulation shows that the grain-to-grain variation of the up mag-
netic moment is reduced with increasing up field, which corre-
sponds to a compression of the in-plane domain wall that has
formed at the FI/FM interface. Hence, the up magnetic mo-
ment of the FM layer is increased approaching that of a FM
domain with an initial up magnetization. The down/up field
from the FM layer that weakened the up/down field of the do-
mains inside the FI layer thus becomes gradually smaller. This
explains the small increase of the MFM contrast observed
when the field is increased from 1.05 to 2 T (Figs. 2 g and 2 h).
Note that the magnetization process observed here for the
thicker FM layer is fundamentally different from that ob-
served in our previous work [30] for a thinner FM layer. For
this reason, the modeling is also performed for the thinner FM
layer using the parameters describing the FI/FM heterostruc-
ture samples fabricated here. The results are displayed in
Fig. 7. Again the modeling is performed for a film area with an
initial down FM magnetization. As in our previous work [30]
a 3-stage magnetization process is observed. Stage 1 (panels
a-c) is characterized by a rotation of the initially down mag-
netic moments near the top of the FM layer towards the up
direction of the applied field. In stage 2 (panels d-g), the mag-
netic moments of isolated grains switch towards the up direc-
tion to improve the alignment of the magnetic moments to the
applied field. The angle between the magnetic moments and
the field is then smaller for the moments near the top of the
FM film and larger for the moments near the FI/FM interface.
Because this switching process depends on the properties of
individual grains, a large grain-to-grain variation occurs. In
stage 3 (panels h-l) all grains have switched to have a predom-
inately up magnetization. The contrast drops as the horizontal
domain wall at the FI/FM interface is compressed and the lo-
cal variation of the domain wall thickness is decreased. As
observed by MFM in our former work [30], no lateral propa-
gation of a vertical domain wall inside the FM layer occurs,
but a three-stage magnetization process takes place for each
individual grain. The reversal process is hysteresis free (red
curve with squares in Fig. 5).
The condition for hysteresis-free switching derived in
Ref. [29] can be applied here. Using the parameters listed
in Table I for the thicker FM layer clearly reveals that
90 % of the grains in the heterostructure remain above the
threshold for hysteresis-free switching (Kuni ≤ 330 kJ/m3),
while for the system with the thinner FM the threshold value
is Kuni ≤ 418 kJ/m3. This means that 40% of the grains
are below the threshold and hence show a hysteresis-free
process. For the thinner FI/FM heterostructure with N = 5
this means that almost half of the FM grains show a gradual,
hysteresis-free rotation of the magnetization. Based on this
behavior and the small thickness of the FM, short vertical
domain walls can form, as schematically illustrated in Fig. 3,
and the observed 3-stage process with a local rearrangement
of domains in the switching process occurs. In contrast, in the
thick FM layer with N = 9 almost all grains show irreversible,
hysteretic reversal. An abrupt switch of individual grains
would generate several large vertical domain walls, which is
energetically unfavourable due to the thickness of the FM.
This is the reason why we observe only one domain wall,
that is independent from the granular structure, propagating
through the FM layer and causing irreversible switching of
the macroscopic minor loop.
V. SUMMARY
We reveal two distinct magnetic reversal mechanisms in
an exchange-coupled bilayer system consisting of a ferrimag-
netic TbFeCo alloy layer and a ferromagnetic [Co/Ni/Pt]N
multilayer. The reversal characteristics depend strongly on
the thickness of the FM layer. By minor loop M−H measure-
ments, we observed an irreversible hysteretic switching pro-
cess of the bilayer with N = 9 and a reversible switching for
N = 5. The underlying microscopic origin is revealed by high-
resolution MFM. For N = 9, the FM switches by in-plane do-
main wall propagation. In contrast, thinner FM layers exhibit
a nucleation-dominated reversal due to grain-to-grain varia-
tions in magnetic anisotropy of the Co/Ni/Pt multilayer and
an inhomogeneous exchange coupling with the magnetically
hard TbFeCo layer. The coupled FM layers of both systems
were modeled by finite-element simulations with individual
grains varying in Ku. The simulated macroscopic minor loops
agreed very well with the experiments. The simulated MFM
contrast of the thicker FM layer revealed a dynamic process
of the domain wall motion during switching in contrast to the
experimentally observed magnetic relaxed states. This differ-
ence could be explained by the additional local field arising
from the FI layer which is absent in the model. With this
exception, the simulations replicated the two switching mech-
anisms of both systems.
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FIG. 7. Simulated MFM contrast of the thinner FM layer of 6 nm (N = 5) during its reversal for representative chosen external fields. The
color code represents the quantity of Eq 1.
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